ABSTRACT: A morphological and molecular survey was conducted to determine the taxonomic status of Saussurea maximowiczii var. triceps on Jejudo Island. Although it tends to be smaller than S. maximowiczii with regard to typical quantitative characters of vegetative organs, including the plant height and leaf size, these two taxa cannot be distinguished from each other based on major reproductive characters, including the involucre and florets. Molecular data support the contention that S. triceps and S. maximowiczii are monophyletic taxa. Saussurea maximowiczii var. triceps is found to be an ecological phenotype of S. maximowiczii that has adapted particularly to the windy highlands of Hallasan Mountain on Jejudo Island.
It was not until the middle of the 19th century that Korean plants became known to the Western plant taxonomists. At that time, plant specimens collected by A. Schlippenbach (1854, East Coast), R. Oldham (1863, South Coast), Y. Hanabusaya (1883-1884), A. W. Carles (1885, Seoul, Incheon, Busan), and R. P. U. Faurie (1900 Faurie ( -1907 were sent to Leningrad in Russia, KEW Gardens in London, and the University of Tokyo where they were used in various studies. In particular, French Father Emile Joseph Taquet (1873 -1952 collected large amount of plant specimens in Hallasan Mountain of Jejudo Island from 1907 to 1910 and sent them to France. Thereafter, many of his specimens were studied by two contemporary French taxonomists, H. Léveille and E. Vaniot.
Based on Taquet's specimens (Taquet 1017, 7 Aug 1908, Yengsil Hallaisan Corea) collected in Yeongsil, Hallasan Mountain, Saussurea triceps H. Lév. & Vaniot was described as a new species of Saussurea. The former is short in height (15-25 cm) with hairy involucre and many bracteal leaves at the upper stem. Since then, S. Kitamura of Kyoto University who studied Asteraceae in Northeast Asia treated it as a variety of S. maximowiczii Herd. (see Kitamura, 1937) . In a monographic study of Saussurea, S. Lipschitz treated S. triceps as a synonym of S. maximowiczii (see Lipschitz, 1979) . Since then, taxonomic status of S. triceps has been controversial among researchers and literatures, treating it as a synonym of S. maximowiczii (Chen & Shin, 1999) or a variety of S. maximowiczii (Lee, 1996; Im and Lee, 1999) . In high elevation of Hallasan Mountain, there are many plants with dwarf forms that have adapted to high mountain winds and low temperatures. S. triceps is mainly featured by a dwarf plant that is assumed to be an ecophene. Thus, taxonomic identity of S. triceps needs to be confirmed based on plants collected from the type locality.
maximowiczii from Seonwangsan Mountain population (elev. 200 m, 11 individuals) at Doam-myeon, Hwasun-gun, Jeollanam-do and specimens of S. triceps from 1,100-m altitude highland population (elev. 1,100 m, 6 individuals) at Seogwipsi, Jejudo Island. A total of 53 individuals derived from Hwasun, Seonwangsan Mountain population and Jeju 1,100-m highland population, CNU (15 collections) and JNUB (21 collections) were examined for their morphological traits such as stem length, leaves, involucre, and florets to determine the range of morphological variations of S. maximowiczii and S. triceps (Table 1 ). In Eorimok (high elevation of Hallasan Mountain), 1,100-m altitude wetlands, and Yeongsil, we conducted on-site study regarding ecophene plants.
Molecular study

Plant samples
In the present study, 18 species and 29 taxa of Saussurea distributed across the Korean peninsula were used (Table 2 ). All plant samples endemic to Korea were collected from July 2013 to August 2017. We collected S. maximowiczii from Biseulsan Mountain (Daegu), Mudeungsan Mountain (Gwangju), Baegunsan Mountain (Chonnam), and Chilbosan Mountain (Gyeonggi-do). We also collected S. triceps from Hallasan Mountain (Jeju's 1,100-m altitude highland). For S. myokoensis, its field collection was difficult. Therefore, specimens deposited in KH were used. Carduus crispus (GenBank accession EF010530) was used as an outgroup (Table 2) . 2. DNA extraction and PCR Both fresh and dried samples (stored in silica gel) of each plant material were collected prior to DNA extraction. Total genomic DNA was isolated from 20-25 mg of dried leaves using DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. PCR products were electrophoresed on 1% agarose gel to visualize characteristic band patterns to differentiate between DNA fragments. To investigate molecular variations, PCR utilized internal transcribed spacer (ITS), trnL-trnF, psbA-trnH, and rbcL based on previous molecular phylogenetic studies of Saussurea Raab-Straube et al., 2003; Kita et al., 2004; Wang et al., 2007 Wang et al., , 2009 Wang et al., , 2013 . In addition, we used trnQ-5′rps16 and psbJ-petA because they had high potentially informative character and percentage variability values (Shaw et al., 2007) . Six regions of DNA were amplified: one nuclear DNA region and five chloroplast DNA (cpDNA) regions. PCR for amplification of DNA preparations was carried out with the following components: 1 µL of template DNA, 5 µL of 10× Taq polymerase reaction buffer, 1 µL each of 10 mM dNTPs mix, 1 µL each of 10 pmol primer, 0.2 µL of 1.25 units of DiastarTaq DNA polymerase (SolGent Co., Daejeon, Korea), and 
Sequence alignment and phylogenetic analysis
Editing and alignment of all sequences were conducted using Geneious version 10.2.2 (Kearse et al., 2012) . Gaps were treated as missing characters and all traits were equally weighted. Each data matrix (Table 3 ) was subjected to maximum parsimony (MP) and maximum likelihood (ML) for taxonomic analysis. ML was analyzed using PAUP* 4.0b10 (Swofford, 2001) . MP analyses involved a heuristic search strategy with tree bisection reconnection branch swapping option. ML analyses were conducted using IQ-TREE software (Nguyen et al., 2015) . TIM3e+G4 was selected as the fittest model of ITS. Furthermore, F81+I was selected for combined cpDNA data. To investigate statistical support of each cladogram, bootstrap values were calculated from 1,000 replicates (Felsenstein, 1985) .
Results and Discussion
External morphology
According to protologue and description in the name combination of Saussurea maximowiczii and S. triceps, the difference between the two taxa is that the latter is shorter in height than the former and lower leaves of S. triceps are shorter. Morphological traits such as involucral bract, florets, achene, and pappus have been used as important criteria of Saussurea classification in previous studies (Im, 1989 (Im, , 1990 (Im, , 1991 . For 53 individuals used for morphometry, morphological traits were examined to determine the range of morphological variations of S. maximowiczii and S. triceps (Table 1 ). For some individuals that were not fully mature, there were some deficiencies in the measurement.
For quantitative traits such as height, stem diameter, and lower leaf size, S. triceps from the 1100-m latitude Highland population tended to be smaller than those of S. maximowiczii from Seonwangsan Mountain population. However, this variation is continuous between populations and within populations. Such continuity becomes clear when heights of samples collected from the 1100-m altitude Highland population and the Seonwangsan Mountain population are compared (Fig. 1) . This is also true in the graphs based on specimens deposited in the herbaria (Fig. 2) . The quantitative trait represented by plant height is generally a trait that has wide range of variations because it is highly affected by the environment.
In contrast, reproductive organs such as involucral bract, florets, achene, and pappus are less affected by the environment. For traits of involucral bract, florets, achene, and pappus, S. triceps which consists of 1100-m altitude Highland population and S. maximiziczii, including Seonwangsan Mountain population are mixed within narrow variation range (Table 1) . Florets of Saussurea consist of tube and limb. The limb is divided into five lobes. The tube is divided into a narrow part at the bottom and a broad part at the top (Fig. 3) . Lengths of the narrow part and the broad part are very stable traits (Im, 1989) . When lengths of the broad and narrow parts of florets are plotted on a graph, S. maximowiczii and S. triceps cannot be distinguished (Figs. 4, 5 ).
Molecular data
Phylogenetic tree based on ITS nucleotide sequence of nuclear DNA revealed that S. triceps and S. maximowiczii formed a monophyletic group supported by MP bootstrap (BS) = 100% and ML BS = 100% (Fig. 7) . This demonstrates that S. triceps and S. maximowiczii share most recent common ancestor regardless of their taxonomic position or species distinctness. However, S. triceps/S. maximowiczii clade is well segregated from other Saussurea taxa distributed on the Korean peninsula.
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Mountain and S. triceps from Jejudo Island, with 61% of MP BS and 93% of ML BS (Fig. 8) . A sister group relationship between S. triceps and S. maximowiczii of Baekunsan Mountain implies their geographical correlation. These results support the possibility that S. triceps is an ecophene of S. maximowiczii. However, it cannot be ruled out that S. triceps may maintain a species position. The distribution of S. triceps is confined to Jejudo Island which has quite different environmental conditions from the inland area. Populations of S. triceps are relatively small in size. Thus, it is easily affected by founder effect, inbreeding, and so that that may lead to wide morphological variations among subpopulations. In addition, it is isolated from S. maximowiczii distributed across the Korean peninsula. S. triceps may maintain genetic traits by cutting off genetic interactions with S. maximowiczii. S. triceps is likely to continue to function as an independent species through peripheral isolation during local speciation process (Levin, 1993) . To more clearly confirm the origin and taxonomic position of S. triceps, research results such as population genetics and others are needed.
Taxonomic identity of Saussurea triceps -the ecophene
In high elevation of Hallasan Mountain such as Yeongsil, Eorimok, and 1,100-m altitude wetlands, many plants are assumed to be ecophenes adapted to high mountain winds and low temperatures (Fig. 8) . In the case of Aruncus aethusifolius (H. Lév.) Nakai, there is no difference between individuals of Yeongsil, the high mountain area (Fig. 8A) , and individuals of Donnaeko above sea level of 400 m. Both are about 20-30 cm tall. But in the case of Rubus oldhamii Miq., ordinary size of the terminal leaflet is 3-5 × 2-3 cm in its main distribution region, forest margin of mountainous area. However, it is only about 1 cm in Yeongsil population (Fig. 8B ). Ligularia fischeri (Ledeb.) Turcz. of Eorimok dramatically shows change in shape between individuals on the windward side (Fig. 8C) and individuals on the downwind side (Fig. 8D) . Individuals on the windward side are about 25 cm high with 6-8 heads. On the other hand, individuals on the downwind (8D) only 10 m away from those of windward side (8C) are 60-70 cm high with 30-40 heads.
Saussurea triceps also tends to be similar to Ligularia fischeri. Among specimens deposited at JNUB, there are individuals with stem lengths of 45 cm collected at the top of Hallasan Mountain (No. JJU0001401) ( Table 1) . Some specimens collected at 1,100-m altitude wetland had stem lengths of 56 cm (No. JJU0013999) ( Table 1) . These individuals are presumed to have grown on the downwind side. Taking these morphological and molecular findings into considerations, S. triceps is an ecophene of S. maximowiczii that has adapted to the highland of Hallasan Mountain facing strong winds. Therefore, it is reasonable to recognize that S. triceps is a synonym of S. maximowiczii. 
